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Abstract: The variability of stable oxygen isotope ratios (5'80) from Greenland ice cores is commonly
linked to changes in local climate and associated teleconnection patterns. In this respect, in this study
we investigate ice core §'80 variability from a synoptic scale perspective to assess the potential of
such records as proxies for extreme climate variability and associated weather patterns. We show that
positive (negative) §'80 anomalies in three southern and central Greenland ice cores are associated
with relatively high (low) Rossby Wave Breaking (RWB) activity in the North Atlantic region. Both
cyclonic and anticyclonic RWB patterns associated with high §!80 show filaments of strong moisture
transport from the Atlantic Ocean towards Greenland. During such events, warm and wet conditions
are recorded over southern, western and central part of Greenland. In the same time the cyclonic and
anticyclonic RWB patterns show enhanced southward advection of cold polar air masses on their
eastern side, leading to extreme cold conditions over Europe. The association between high 5180
winters in Greenland ice cores and extremely cold winters over Europe is partly explained by the
modulation of the RWB frequency by the tropical Atlantic sea surface temperature forcing, as shown
in recent modeling studies. We argue that §'80 from Greenland ice cores can be used as a proxy for
RWB activity in the Atlantic European region and associated extreme weather and climate anomalies.

Keywords: Greenland ice cores; atmospheric rivers; Rossby wave breaking

1. Introduction

The growing number of high temporal resolution ice cores from the Greenland ice
sheet now gives valuable information on climate variations from seasonal to multidecadal
or even longer time scales [1]. Oxygen isotope concentration in ice cores, commonly
expressed as 8'80, is one of the primary parameters for determining the rate and magnitude
of past climate changes. Commonly, the Greenland ice core 5!80 variability is related to
changes in local parameters, especially temperature, and related atmospheric and oceanic
anomaly patterns. The signature of climate modes, like the North Atlantic Oscillation
(NAO) or the Atlantic Multidecadal Oscillation (AMO) is clearly imprinted in Greenland
ice core records [2]. Other studies [3,4] identified strong links between atmospheric weather
regimes and Greenland §'80 variability on interannual to decadal time scales. In this study,
we look for the links between statistics of synoptic scale patterns and Greenland ice core
8!80 in order to have a complementary, physically based, interpretation of ice core 580
variability and its relationship with extreme weather and climate anomaly patterns.

§180 variability is intimately related to moisture transport [2]. During their path to
polar regions, water vapor masses undergo an isotopic distillation with the preferential loss
of heavy isotopes into the rain and snowfall, controlled by the condensation temperature [4].
The ice core §'80 records, commonly interpreted in terms of local temperature changes, are
also known to depend by other processes, such as evaporation conditions in the source
region or air mass trajectories [4].
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The transport of moisture to the Arctic region is strongly connected to the mid-latitude
atmospheric dynamics [5,6]. Recent studies [5,7] show that the mean flow plays a secondary
role in the poleward moisture transport relative to the transient flow. These studies,
combined, highlight the importance of synoptic scale activity for the Arctic water vapor
transport (WVT) variability. Overall, extreme WVT into the Arctic region is associated with
blocking-like atmospheric circulation patterns [8], which are closely related to Rossby wave
breaking (RWB) [9]. RWB, commonly defined as the large-scale, irreversible overturning of
potential vorticity contours near the tropopause level, can lead to large-scale atmospheric
circulation anomalies with significant impact on synoptic-scale patterns [10]. Persistent
wave-breaking events are associated with atmospheric blocking [11]. Depending on the
direction of the overturning RWB can be divided into a cyclonic (CWB) and anticyclonic
(AWB) events. The CWB events occur preferentially on the poleward side of the jet
stream, whereas AWB events are usually recorded on the equatorward side. During winter,
relatively high frequencies of CWB (AWB) events are recorded over Greenland (Eastern
Atlantic and western Europe) [11].

Recent observational and model data analysis [2] reveals that the North Atlantic RWB
events are associated with significant precipitation §'®0 anomalies in the Arctic region,
particularly in the western and central Greenland. Moreover, it has been suggested that
central Greenland ice core records could be a good proxy for the frequency of North Atlantic
RWB and associated extreme cold weather over Europe [2].

In this respect, in the current study we investigate the links between the variability of
three southern and central Greenland §'80 ice core records and atmospheric circulation,
from a synoptic scale perspective. We show that, during the observational period, 580
variability in these records is linked to changes in the frequency of the North Atlantic RWB
and related Northern Hemisphere extreme climate anomalies. Based on these links we
argue that such records, which go back in time hundreds to thousands of years or more,
give valuable information about the North Atlantic RWB variability and related weather
and climate extremes during the past.

2. Data and Methods

Ice cores, drilled in medium to high accumulation areas of the Greenland ice sheet,
provide stable isotope records with seasonal resolution [1,12]. The advantage of having
seasonally resolved 5'80 data is the ability to disentangle the climate signals in the §'80
records, which are specific for each season. Previous studies show that Greenland §'80
variability is strongly related to large-scale atmospheric circulation patterns, in particular
with the NAO during winter, especially in southern and central Greenland [1]. Therefore,
in this study, we used the time series of the stacked (averaged) winter 5180 recorded at
DYE-3 (65.18° N, 43.82° W), Crete (71.12° N: 37.32° W) and Grip (72.58° N, 37.64° W),
described in [1]. This time series, which covers the period 553 to 1973, was retrieved
from the environmental data base PANGAEA (www.pangaea.de; accessed on 15 October
2020) [12]. Because we focus on decadal to multidecadal time scales most of the statistical
analysis during observational period are based on linear detrended and smoothed, i.e.,
5-year running mean, ice core §'80 time series.

The vertically integrated water vapor transport (WVT) is defined as:

N ps - ps =
WVT:/O qu(dp/g) i +/O qo(dp/g)j M)

g is the specific humidity, u(v) zonal (meridional) component of the horizontal wind, g
— — /=
gravity and ps surface pressure. WV T stands for water vapor transport vector while i ( j >
—
is the unit vector in the zonal (meridional) direction. The WV'T computation is based on

data retrieved from the 20th Century Reanalysis (20CRV2c) database [13]. This data set
covers the period 1851 to 2014 [13].


www.pangaea.de
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RWSB frequency is calculated based on the methodology described in [11] using daily
geopotential height field at 500 mb (Z500) retrieved from 20CRv2c database [13] interpo-
lated on a 2.5° lat x 2.5° lon regular grid. A short description of the algorithm to calculate
frequency of RWB is given in the following. First, the bidimensional blocking index de-
veloped in [14] is calculated. For each grid point within 35° N-75° N latitudinal interval
the northern (GHGN) and southern (GHGS) gradients are calculated. A 15° latitudinal
interval is used to calculate both GHGN and GHGS. The grid points for which GHGS > 0
and GHGN < (—10 m/deg.lat) are considered to be blocked. Using the zonal gradient
of Z500 measured 7.5° south of the blocked grid point, we compute the wave breaking
index (WBI) defined in [11] to distinguish between anticyclonic blocking events (Z500
decreasing eastward) and cyclonic blocking events (Z500 increasing eastward). The maps
of the CWB and AWB frequency are calculated for each winter from 1851 to 1973 and used
in a composite analysis to derive the anomaly patterns associated with high or low §'80 in
our ice core record.

The monthly sea surface temperature (SST) data set COBE-SST [15] is used to look for
SST anomaly patterns associated with ice core §'80 anomalies during winter. The winter
SST is calculated as the average of December, January and February (DJF) monthly means.
The analysis is performed for 1891 to 1973, which is the common period for ice core §'80
and SST data.

The field of the frequency of cold nights (TN10p), defined as the number of days in
a winter with minimum daily temperature (TN) lower than the 10" local percentile, was
retrieved from the HADEX3 data set [16]. We used TN10p winter data for the period 1901
to 1973.

Climate anomaly patterns associated with ice core 5§80 presented in this study are
derived through composite analysis. First, we remove the linear trend from the climatic
fields. Then the composite (average) maps corresponding to high and, respectively, low
5180 winters are calculated. A high (low) 3180 winter is associated with a value higher
(lower) than 0.75 (—0.75) standard deviation of the linear detrended and smoothed ice
core 8180 time series. Since the patterns are largely symmetric, we present the difference
between the composites corresponding to high and low §'80 winters. The significance of
difference between the high and low composites is calculated using a simple ¢-test [17].
Probability density functions of daily WVT are calculated using the R [18] package stats
(function density).

3. Results
3.1. Sensitivity of Ice Core 6'80 to Extreme Water Vapor Transport

8180 variability in Greenland ice core records is strongly related to changes in the
winter mean water vapor transport [2,4]. The map of the difference between the composite
corresponding to high and low ice core §'®0 winters shows a large-scale anticyclonic
anomalous WVT gyre centered over the Iceland region (Figure 1). The meridional WVT
over western Greenland increases significantly during high relative to low ice core 5§80
winters (Figure 1). Such a WVT pattern is consistent with anomalous warm and wet
conditions over southern, western and central Greenland, and therefore with positive
precipitation §'80 anomalies in this region [2].

A large part of moisture transport into the Arctic region is due to extreme WVT events,
which are strongly related to synoptic scale atmospheric circulation patterns [5,7]. As an
example, we first investigate the probability distribution functions of daily meridional WVT
in the grid point (50° W; 70° N), for high and low ice core !0 winters for the period
1851 to 1973. Here, the anomalous WVT associated with ice core 'O is dominated by the
meridional component (Figure 1). The goal is to emphasize the sensitivity of the ice core !0
records to the extreme meridional WVT variations. A significant increase (<0.001, based
on two samples Kolmogorov and Smirnov test) in the frequency of extreme meridional
moisture transport days is recorded during high relative to low ice core 80 winters
(Figure 2). The difference of the 90th percentile of the two distributions is significantly
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higher than the difference of the corresponding means. This emphasizes the sensitivity of
ice core 5!80 records to changes in the right tail of the distribution function of meridional

WVT in this grid point.
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Figure 1. The difference between composite map of vertically integrated water vapor transport
(WVT) for high and low ice core 5180 winters during 1851 to 1973 (see text for details). Colors
indicate the magnitude of the WVT anomalies in kg/(ms) while arrows its direction. The red plus
sign indicates the grid point used to calculate the probability distribution of daily meridional WVT
and the black dots depict the ice core sites.
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Figure 2. The probability density function of daily meridional water vapor transport at (50° W, 70° N)
for high (red) and low (blue) ice core §'80 winters during 1851 to 1973. Dotted vertical line depicts

the 90th percentile of the all winter day meridional WVT distribution.

Significant differences in the tail of the probability distribution functions of daily
meridional WVT for high and low ice core 5'80 winters are identified for most of the
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western Greenland grid points (not shown). As a measure of extreme meridional WVT
activity, we define the qv90p index, as the number of days in a winter with meridional
WVT higher than the 90th local percentile. A similar index, i.e., TX90p, was defined to
characterize extreme high temperature variability [19]. The qv90p index is calculated for
each grid point for all winters covering the 1851 to 1973 period. A composite analysis
reveals a significant increase in the frequency of extreme meridional WVT days during high
relative to low ice core 'O winters over western Greenland (Figure 3), consistent with the
corresponding anomalous seasonal WVT pattern (Figure 1). Based on Figure 3, we define
an index as the average of qv90p for all grid points within (65° N-75° N; 55° W-40° W)
(Figure 3, rectangle box). This index captures the variability of extreme meridional WVT
over western Greenland during 1851 to 1973 period. The results remain qualitatively the
same for small changes in the index area.

The time series of the ice core 580 (Figure 4a) and extreme WVT index (Figure 4b)
shows coherent decadal variations during the 1851 to 1973 period. Note that the linear
trend was removed from both time series to minimize possible influence of the recent
global warming signal. The ice core §!80 shows pronounced maxima in 1880s, 1930s and
1965s (Figure 4a, solid line). The extreme WVT index shows also a significant increase
during these periods (Figure 4b). Furthermore, both 80 and WVT index show low values
during 1865s, 1910s and 1950s (Figure 4b, solid line). However, significant interannual
variability is recorded in both indices (Figure 4). Extreme high (low) values of both indices
are recorded during 1879, 1881, 1895, 1917, 1932, 1940, 1942 and 1964 (1863, 1910, 1913,
1915, 1920, 1927, 1937, 1945, 1950, 1952 and 1968). Note the high frequency of extreme WVT
events during 1962/63, a winter characterized by extreme cold conditions over Europe [20].

qv90p HIGH-LOW D180

80N days
6
7ON
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4.5
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50N A
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3
40N A
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50N . . .
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Figure 3. The difference between composite map of the qv90p index (see text for definition) for high
and low ice core §!80 winters during 1851 to 1973. Only positive values higher than 2 days are
shown. Regions where the difference is significant at the 90% level are dotted. Units: days. The
rectangle box depicts index area (see text for details).
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Figure 4. (a) Greenland ice core 5180 time series and (b) time series of the western Greenland extreme
meridional WVT index (see text for definition) for 1851/52 to 1972 /73 winters. Time intervals when
the values in the smoothed time series (thick lines) are higher (lower) than 0.75 (—0.75) corresponding
standard deviations are highlighted in orange (blue).

The links between ice core 5'80 and frequency of extreme moisture transport events
(Figure 4), could be explained using different paradigms, like teleconnection patterns or
weather regimes. Here, we focus on the synoptic scale process, in particular on RWB, to
explain these links.

3.2. Relationship to Rossby Wave Breaking

Extreme moisture transport into the Arctic is strongly related to cyclonic and anticy-
clonic Rossby wave breaking [5]. To better understand the statistical relationships between
ice core 5'80 and RWB, we analyze the atmospheric circulation for the CWB event from
12 January 1963 and the AWB event from 30 January 1963 (Figure 5). In the first case, a
pronounced ridge is recorded in the North Atlantic region (Figure 5a). The axis of this
ridge is tilted from southeast to northwest, which is the signature of a CWB event [5]. On
the western side of this ridge, a filament of high WVT, reaching northwestern Greenland,
is recorded (Figure 5b). The Z500 pattern for the 30 January 1963 AWB event (Figure 5c)
shows also a ridge structure in the North Atlantic, with the axis slightly tilted from the
southwest to the northeast. In addition, in this case, a filament of high WVT towards
western Greenland is recorded (Figure 5d). Such events are related to positive temperature
and precipitation 580 anomalies over Greenland. The WVT patterns (Figure 5) associated
with these RWB events have the imprint of the atmospheric rivers in the western Atlantic.
It was shown that atmospheric rivers significantly impact Greenland both in winter and
summer [7].
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Figure 5. (a) 500 hPa geopotential height and (b) vertically integrated water vapor transport during
12 January 1963 when a CWB event occurred in the North Atlantic region. In (b), color represents
the magnitude of WVT higher than 150kg/(ms) and arrows its direction; (c,d), as in (a,b), but for
30 January 1963, when an AWB event was recorded in the North Atlantic region. Units gpm and
kg/(ms).

To assess statistically these links, we calculate the difference between the composite
maps of the frequency of RWB corresponding to high and low ice core 5§'80 winters. The
frequency of CWB (AWB) is significantly higher over Greenland (North Sea) region during
high relative to low ice core 'O winters (Figure 6a,b). A similar composite analysis based
on the extreme moisture transport index, defined above, reveals similar CWB and AWB
patterns (Figure 6¢,d). This confirms the sensitivity of ice core §'®0 anomalies to changes
in the extreme meridional water vapor transport in the western Greenland as shown in
Figure 3.

The CWB (Figure 6a) and AWB (Figure 6b) patterns are consistent with the blocking
pattern associated with stable isotope ice core variability from the central Greenland [2].
Increased blocking frequency in a region stretching from Greenland to northwestern Europe
during warm relative to cold conditions in central Greenland is due to increased frequency
of both CWB and AWB. Greenland (European) blocking is associated mainly with CWB
(AWB) events [11]. Previous studies [2,21] show that positive temperature and precipitation
§'80 anomalies in western and central Greenland are associated with enhanced blocking
activity in the entire North Atlantic region.

Various internal and external forcings were related to Greenland 5'80 ice core vari-
ability [4]. Here, we focus on the role of tropical Atlantic SST anomalies on §'80 variability
in our record through modulation of RWB activity in the North Atlantic region.
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days

Figure 6. The difference between composite maps of (a) CWB and (b) AWB frequency of high and,
respectively, low ice core 5180 winters; (c,d), as in (a,b), but for extreme WVT index (see text for
definition). Regions where the differences are significant at the 90% level or higher are dotted.
Units: days.

3.3. Teleconnections with Sea Surface Temperature Anomalies

Recent studies [22,23] show strong connections between the North Atlantic blocking
and the associated RWB and tropical Atlantic SST anomalies at interannual to decadal time
scales. Positive SST anomalies in the tropical Atlantic region are associated with more
frequent blocking in the North Atlantic region and extreme cold winters over Europe [23].
Furthermore, more frequent CWB in Greenland region is recorded during positive SST
anomalies in the tropical Atlantic [22]. Consistent with these studies, a significant increase
of tropical Atlantic SST during high relative to low §'30 ice core winters is recorded
(Figure 7a). Significant positive SST anomalies are recorded also south of Greenland, as
well as in several regions from the Indian and Pacific oceans (Figure 7a). In the North
Atlantic, the SST patterns associated with ice core 5180 and extreme WVT index (Figure 7)
show similar spatial structures. Similar links with tropical Atlantic were identified for
a northern Greenland 5'80 ice core record [24]. The SST patterns presented in Figure 7
resemble also the SST pattern associated with the negative phase of the NAO, when warm
and wet conditions are recorded in southern western and central Greenland [4].
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Figure 7. (a) The difference between composite maps of SST associated with high and, respectively,
low ice core 8180 winters (b) as in (a) but for the extreme WVT index (see text for definition). Regions
where the differences are significant at the 90% level are dotted. Units: °C.

3.4. Teleconnections with Extreme Low Temperatures

Blocking and RWB frequency variability in the North Atlantic region is also associated
with specific patterns in climate extreme indices over Europe [23]. Here, we look for
the links between the southern and central Greenland ice core §'80 stacked record and
anomalies in the frequency of cold climate extremes, i.e., TN10p index [19]. Since the
period of analysis is relatively short, i.e., only 73 years, the composites are based on linear
detrended data, without applying the 5-year running mean filter. Therefore, the TN10p
anomaly patterns are associated with both interannual and decadal ice core 580 and WVT
index variability. The patterns based on smoothed data (not shown) are noisy probably
due to reduced number of independent samples.

The composite map of winter TN'10p indices associated with central Greenland §'0
ice cores (Figure 8a) shows coherent large-scale structures. Significant positive anoma-
lies are recorded over central and southern Europe, while negative anomalies, prevail
over southern Asia. A similar pattern is associated with extreme WVT index variability
(Figure 8b). Over the North America both patterns show non-significant TN10p anomalies.
A previous study [2] reported in-phase variations between central Greenland stable isotope
anomalies and TN10p over Europe, which is consistent with TN10p pattern represented
in Figure 8a. Similar patterns are obtained for other cold climate extreme indices, like FD
(frequency of frost days) and ID (frequency of ice days) (not shown). The links presented
in this section could be useful for interpretation of past 'O ice core variations in terms of
extreme weather and climate changes.
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Figure 8. (a) The difference between composite maps of frequency of cold nights (TN10p) associated
with high and, respectively, low ice core 5180 winters (b), as in (a), but for extreme WVT index
(see text for definition). Regions where the differences are significant at the 90% level are dotted.
Units: days.

3.5. Ice Core 6180 Variability during the Last Millennia

The original time series of 5180 [12] (Figure 9a), which has annual resolution, shows
a long-term decreasing trend until the beginning of the 20th century. Similar trends are
indicated by various proxy temperatures from the Atlantic sector of the Arctic region [25].
High (low) 5180 winters, like those recorded in, 1880s, 1930s and 1965s (1865s, 1910s
and 1950s) occurred frequently since the year 553 (Figure 9a). To better emphasize the
variability of ice core §'80 during the last millennia we calculate the difference between
the frequency of high and, respectively, low 8'®0 winters in 100-year bins covering the
period 601 to 1900 (Figure 9b). The frequency of high relative to low §!80 winters is
generally higher at the beginning of the period (7th-10th centuries), then showed a general
decreasing trend (Figure 9b). The minimum was reached in the 19th century before the
pronounced global temperature increase during the last century. In addition to this general
decreasing trend, rapid century scale fluctuations are observed. In particular, the highest
frequency of high (low) relative to low (high) §'80 winters is recorded during 701-800
(1801-1900) (Figure 9b). In addition, during 1401-1500, a period characterized by relatively
low global temperature [26], low §'80 winters appear more frequent than high §'80 winters
(Figure 9Db).

According to our interpretation, CWB and AWB events occur with higher probability
during years characterized by high relative to low §!80 in this ice core record.Assuming
that ice core 580 and RWB variability links are independent on timescale, the decreasing
trend in the frequency of high relative to low §'80 years (Figure 9b) could be associated
with a continuous decrease in the frequency of AWB and CWB events in the North Atlantic
until the beginning of the 20th century. Furthermore, we suggest that the frequency of the
AWB and CWB events was the highest (lowest) during 701-800 (1801-1900) (Figure 9b).



Atmosphere 2021, 12, 294

110f 14

2 | '

IO N R Iy R A lllH
| I W L ’ﬂ 'Wl \“W

D180 \
|
|

norm by std

10
za—b) FREQUENCY(HIGH-LOW) D180 YEARS

204
15
,10_ }

freq(#/100yr)

0600 0700 0800 0900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

time(years)

Figure 9. (a) The time series of normalized winter Greenland ice core 5180 used in this study (see
text for details) and (b) the difference between the number of years characterized by high (>0.75) and,
respectively, low (<(—0.75)) ice core d 5180 in 100-year bins from the year 601 to the year 1900.

4. Discussion and Conclusions

Extreme water vapor transport represents a significant part of total water transport
towards the Arctic region [5,7]. Here, we show that the variability in the frequency of
extreme meridional water vapor transport events towards western Greenland is well
recorded in 5'80 from southern and central Greenland ice cores. These extreme water
vapor transport events are associated both with cyclonic and anticyclonic RWB in the
North Atlantic region. On the western side of the RWB pattern a filament of increased
moisture transport occurs, leading to moist and warm conditions in southern, western
and central Greenland, i.e., more positive 5180 in ice core records. This is consistent with
previous studies [1], which report a significant negative correlation between the NAO,
which is negatively correlated with RWB activity in the North Atlantic [10], and southern
and central Greenland ice core §'80. The increase in the frequency of cold events over
Europe during high ice core §'80 winters is related to the increase in the frequency of cold
polar air advected towards south on the eastern part of the RWB pattern.

The variability of Greenland §'30 ice core records was related to the main modes of
climate variability, like the NAO or AMO) [1,2]. Both NAO and AMO modulate the RWB
activity in the North Atlantic region [22], and therefore, their signature should be identified
both in Greenland §'80 ice core and frequency of extreme cold events over Europe records.
The magnitude of the CWB-related WVT is largely a function of the background moisture
gradient. During the positive phase of the AMO moisture availability is enhanced due to
large-scale positive temperature anomalies over the entire North Atlantic. In the same time,
tropical Atlantic forcing associated with positive AMO phase induces more frequent CWB
events in the North Atlantic region [22]. The increase in both moisture availability as well
as increase in CWB frequency during positive AMO phase is consistent with widespread
positive §'80 anomalies over Greenland. This mechanism could explain, from a synoptic
scale perspective, how the AMO signal is recorded in Greenland ice cores as noted in recent
studies [2]. This is consistent with previous studies [27] showing that negative (positive)
phase of the NAO prevails during positive (negative) AMO phase.
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We have shown that a strong connection exists between extreme meridional water
vapor transport in western Greenland, which is partly controlled by RWB activity, and
tropical Atlantic SST. Several mechanisms were proposed to explain the link between
tropical Atlantic SST anomalies with RWB and associated blocking activity in the North
Atlantic region. Numerical experiments [28] show that the atmospheric response to tropical
Atlantic SST forcing shared many features with the linear model of [29], where an off-
equatorial heating produces a stationary wave to the northwestern and southwestern side
of the heating source. Model simulations reveal a similar response of the atmosphere to
AMO related SST forcing [22]. They show that during the positive AMO phase, higher
tropical Atlantic SSTs enhance convection and precipitation north of the equator. The
enhanced convection leads to an upper-level anticyclonic circulation, which shifts the jet
maximum to the south. The increase in negative barotropic horizontal wind shear leads to
an increase in cyclonic wave breaking frequency in the Greenland region. This is consistent
with an increase in the frequency of extreme cold events over Europe during increase
extreme moisture transport in western Greenland as shown in this study.

Our study opens the possibility for reconstructing past changes in the frequencies of
weather and climate extremes based on Arctic 5!80 ice cores. The relationships presented
here could also be helpful to put the increase in frequency and intensity of Greenland
blocking and associated moisture transport during the last decades [30] into a long-term
perspective. Although our results are based on a single stacked ice core 5'80 record, other
Arctic ice cores could be sensitive to the variation in the frequency of extreme moisture
transport events, and used as proxies for past extreme variability. Furthermore, isotope
enabled model simulations [4,24] and could be used to test the robustness of the patterns
presented in this study and get insight into the physical processes behind.

Recent modeling studies [10] identified significant low-frequency variability in winter-
time planetary wave breaking frequency. They show that wave-breaking indices are better
indicators of destructive windstorm episodes and the interpretation is more physically
based than in a purely NAO-based approach. In the same line, our results suggest that a
wave-breaking approach give us a better physically based explanation of the relationship
between low-frequency variability of extreme low temperatures over Europe, Greenland
stable oxygen isotope ice core records and tropical Atlantic SST than the traditional ap-
proach based on teleconnection patterns. The links between climate extremes and proxy
data, as presented in this and other studies [2], could complement and support the model-
based conclusions related to the low-frequency variability of weather and climate extreme
events and their links with atmospheric circulation dynamical processes.
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